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Abstract
We have studied the anisotropy in the in-plane resistivity and the electronic structure of iso-
valent Ru-substituted BaFe2As2 in the antiferromagnetic-orthorhombic phase using well-annealed
crystals. The anisotropy in the residual resistivity component increases in proportional to the Ru
dopant concentration, as in the case of Co-doped compounds. On the other hand, both the residual
resistivity and the resistivity anisotropy induced by isovalent Ru substitution is found to be one
order of magnitude smaller than those induced by heterovalent Co substitution. Combined with
angle-resolved photoemission spectroscopy results, which show almost the same anisotropic band
structure both for the parent and Ru-substituted compounds, we confirm the scenario that the
anisotropy in the residual resistivity arises from anisotropic impurity scattering in the magneto-
structurally ordered phase rather than directly from the anisotropic band structure of that phase.
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I. INTRODUCTION
A typical parent compound of iron-based superconductors, e.g., BaFe2As2 (Ba122), shows
a tetragonal-orthorhombic structural phase transition as well as a paramagnetic (PM)-
antiferromagnetic (AFM) transition at the same temperature. Either by chemical doping
or applying external pressure, the non-superconducting AFM parent compound is driven
to a superconducting (SC) state. The phase diagrams of such chemically doped iron pnic-
tides are similar to those of several other classes of unconventional superconductors, in-
cluding the cuprates and heavy-fermion superconductors, in that they all show a SC dome
in close proximity to a phase with magnetism [1]. It is, therefore, believed that a com-
prehensive understanding of the metallic AFM ground state in the parent compounds of
iron-based superconductors is of primary importance for elucidating the origin of the high-
temperature superconductivity. In the most extensively studied 122-type iron pnictides,
there are mounting evidences suggesting that the antiferromagnetic-orthorhombic (AFO)
phase is unique with a hallmark of the electronic anisotropy [2]. Early resistivity measure-
ments on detwinned Ba122 crystals revealed strong resistivity anisotropy in the AFO phase.
Unexpectedly, the resistivity along the b axis [shorter axis with ferromagnetic (FM) spin
alignment] is larger than that along the a axis (longer axis with AFM spin alignment) [3].
The origin of the resistivity anisotropy has been discussed in terms of spin-fluctuation scat-
tering [4, 5], anisotropic reconstructed Fermi surface (FS) [2, 6], and orbital ordering [7].
On the other hand, recent investigations of in-plane resistivity anisotropy on well-annealed
Ba(Fe1−xCox)2As2 (Co-Ba122) crystals demonstrated that the in-plane resistivity anisotropy
arises from the elastic impurity scattering by doped Co atoms [8, 9]. A scanning tunneling
microscopy (STM) study has revealed that an anomalous, anisotropic impurity state around
a dopant atom is formed, which is proposed to account for the sizable in-plane resistivity
anisotropy [10]. This exotic impurity state around the doped Co atoms needs to be further
investigated for the systems with different kinds of doping/impurities.
Angle-resolved photoemission spectroscopy (ARPES) measurements on Co-Ba122 in the
AFO phase clarified an anisotropic feature of the FS and the dxz/dyz band splitting near the
corner of the two-dimensional Brillouin zone (BZ), reflecting the broken four-fold rotational
symmetry [11]. It was shown by the ARPES measurement that the FS consists of two hole
pockets and one electron pocket centered at the BZ center, surrounded by two bright spots
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along the Γ-X line and two bigger petal pockets along the Γ-Y line [11]. The relationship
between the resistivity anisotropy observed by transport measurements and the anisotropic
electronic structure probed by ARPES measurements remains elusive.
In Ba(Fe1−xRux)2As2 (Ru-Ba122), Ru substitutes for Fe atoms as in the case of Co-Ba122,
while its substitution is nominally isovalent and would not change the band filling. On the
other hand, Ru is a 4d element and is chemically quite different from the 3d element. It is
interesting to study the effect of Ru substitution on the resistivity anisotropy and compare
it with that of the Co-doped system. It should be noted that as-grown Ba122 crystals tend
to have defects in the FeAs blocks which are most likely responsible for the observed finite
resistivity anisotropy [12], confusing the study of the genuine effect of the dopants. The
annealing process with BaAs powders has been demonstrated to be an effective method to
reduce the crystal defects, evidenced by the remarkable reduction in the residual resistivity
(RR) and an increase in the magneto-structural phase transition temperature [12, 13]. Thus,
measurements on annealed crystals with reduced defects are indispensable for the study of
the resistivity anisotropy.
In this paper, we first present an investigation of the in-plane resistivity of well-annealed
Ru-Ba122 crystals. We shall show that the resistivity anisotropy induced by Ru substitution
emerges in the AFO phase, having the same sign as that in Co-Ba122, while the magnitude
in Ru-Ba122 is much smaller. Furthermore, we shall demonstrate that the anisotropic elec-
tronic structures in the tetragonal-symmetry-broken AFO phase remains almost unchanged
with slight Ru substitution by ARPES measurements using detwinned crystals, confirming
that the resistivity anisotropy results from the impurity effect in the anisotropic ground
state.
II. EXPERIMENTAL METHODS
Single crystals of Ba(Fe1−xRux)2As2 (nominal Ru content x= 0, 0.08, 0.15) were grown by
the self-flux method and post-annealed as described in Refs. [8, 12, 13]. The Ru compositions
of the samples were determined by energy-dispersive X-ray spectroscopy (EDXS) analysis.
It was found that the actual Ru contents of the doped samples were x = 0.04 and 0.08,
respectively, almost half of the nominal ones. Relationship between the actual content and
the nominal one in the underdoped region is very similar to that reported in Ref. [14].
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Hereafter, the actual x values are used in this paper. The in-plane resistivity of the twinned
samples was measured using a standard four-terminal method. For the measurement of in-
plane resistivity anisotropy, the crystals were detwinned by applying uniaxial compressive
pressure and the resistivity along the a and b axes were measured using the Montgomery
method as described elsewhere [12, 15, 16]. The measurements were performed in a Quantum
Design Physical Property Measurement System (PPMS) and all the data were obtained while
warming the samples.
For the investigation of the electronic structure, we performed ARPES measurements at
beamline BL-28A of Photon Factory (PF) using a SCIENTA SES2002 electron analyzer. In
order to measure the intrinsic in-plane electronic anisotropy hampered by the twin formation
in the AFO phase, we developed a mechanical detwinning device similar to that used in Ref.
[17] for ARPES measurements. Circularly-polarized light was used with the photon energy
of 63 eV, corresponding to kz ∼ 2pi/c. The total energy resolution was set to ∼ 20 meV.
The crystals were cleaved in situ at T = 20 K and measured in an ultra-high vacuum of
1×10−10 Torr. Calibration of the Fermi level (EF ) was achieved by referring to that of gold.
III. RESULTS AND DISCUSSION
Figure 1 presents the temperature dependence of the in-plane resistivity for underdoped
Ru-Ba122 crystals. The structural transition temperature (Ts) and magnetic transition
temperature (TN) determined from the derivative of the resistivity curves using the method
of Ref. [18] do not split as in the case of Co-Ba122. Ts ≈ TN systematically decreases
upon Ru substitution, 142 K for x = 0, 128 K for x = 0.04, and 116 K for x = 0.08. The
resistivity in the PM state also decreases with Ru substitution, as in the case of Co-, P-
doped Ba122 [19]. It has been theoretically demonstrated for Ru-Ba122 that the electronic
states near the chemical potential is insensitive to the randomly distributed Ru impurity
scattering, resulting from a coherent interference of correlated on-site and intersite impurity
scattering [20]. The residual resistivity of undoped Ba122 is quite small (∼ 10 µΩ cm) for the
well-annealed crystal and it becomes larger upon Ru substitution as seen in Fig. 1(a). The
increase of RR can be attributed to the elastic scattering of doped Ru atoms, evidenced by
the linear increase of RR with the Ru content x. The recent study of the in-plane resistivity
of BaFe2As2 doped at three different lattice sites (K for Ba, Co for Fe, and P for As) has
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shown that the impurity scattering by dopant atoms in the AFO phase becomes weaker as
the dopant sites move away from the Fe plane [19]. However, compared with Co doping
into the Fe plane, Ru doping into the Fe plane turns out to exhibit a much weaker effect on
RR. The results for the annealed Co-, Ru-, and P-substituted BaFe2As2 single crystals are
summarized in Fig. 2(a). One can see that the doping-induced RR for the well-annealed Ru-
and P-substituted Ba122 is just on the same line. Ru substitution for Fe is thought to be
another way to realize isovalent substitution besides P substitution for As [21]. The present
results demonstrate that atoms which are isovalently substituted into the FeAs blocks have
a surprisingly similar effect on the scattering of carriers.
Figure 1(b) shows the in-plane resistivity anisotropy measured on detwinned Ru-Ba122
crystals. The anisotropy, especially in the RR component, vanishes for undoped compounds,
while it gradually increases upon Ru substitution in the AFO phase. The anisotropy of Ru-
Ba122 is found to have the same sign as that of Co-Ba122: Carriers move more easily
along the longer and AFM spin-aligned a axis than the shorter and FM spin-aligned b axis.
The resistivity anisotropy of the Ru-doped samples persists well above Ts ≈ TN . Perhaps
this is related to the broadening of the first-order magneto-structural transition due to the
disorder caused by Ru substitution. Here, we focus on the resistivity anisotropy in the
temperature-independent RR component. Similar to the case of Co-Ba122 [8], a linear
increase in the magnitude of the RR anisotropy was clearly found with the increase in the
Ru content x, indicating that the impurity-induced-anisotropy mechanism proposed for Co-
Ba122 also works for Ru-Ba122. We have plotted the magnitude of the resistivity anisotropy
at 5 K against the dopant content for Co-, Ru- and P-substitution in Fig. 2(b). For
BaFe2(As1−xPx)2 (P-Ba122), measurements of the resistivity anisotropy has been reported
only on as-grown samples so far, from which the genuine resistivity anisotropy caused by P
atoms was estimated [19]. It is intriguing that the isovalent Ru- and P-substitution have
the same effect on both RR and resistivity anisotropy, regardless of the substitution sites,
namely, at the Fe sites or the As sites. This implies that the As layer plays an equally
important role in building the conducting layers in the iron arsenide. From the comparison
between Ru and Co substitutions, the magnitude of anisotropy of Ru-Ba122 is almost one
order smaller, indicating that the heterovalent Co substitution has a much stronger impurity
effect on inducing the resistivity anisotropy than the isovalent Ru substitution. Both the
RR and the anisotropy induced by the same number of Co atoms are about one order of
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magnitude larger than that of isovalent dopant Ru or P.
To summarize the transport results, we observed the emergence of the in-plane resistivity
anisotropy in the AFO phase upon Ru substitution in the Ba122 system. The resistivity
along the shorter and FM axis (b axis) becomes larger, similar to that observed in 3d
transitional metal-doped systems [6, 8]. Compared with Co doping, while the anisotropy of
Ru-Ba122 is found to be much smaller, its origin can also be attributed to the anisotropic
scattering effect of the Ru impurity as has been proposed for Co-Ba122.
Figure 3 shows ARPES results on the FS in the AFO phase of undoped and Ru-doped
Ba122 measured on detwinned crystals. The three-dimensional (3D) BZ of the PM phase
is folded into the smaller 3D BZ in the AFO phase as illustrated in Fig. 3(a). 63 eV
photons were used to probe the electronic structures at kz ∼ 2pi/c. In Fig. 3(b), clear
anisotropy in the FS mapping intensity of BaFe2As2 along the a and b axes can be seen.
In order to see whether this anisotropy is intrinsic or due to matrix-element effect, we
also performed the measurements with the sample rotated in the kx − ky plane by 90
◦ as
shown in Fig. 3(c). In the figure, the ARPES intensity mapping is rotated by 90◦ in
the kx − ky plane, indicating that the observed anisotropy in the FS mapping is intrinsic
and that the samples in our measurements were effectively detwinned. The anisotropic FS
topology reflects the broken fourfold rotational (tetragonal) symmetry in the AFO state.
From the present ARPES measurements, we resolved the FS in the AFO phase consisting
of three types of pockets: Isotropic hole pocket centered at the BZ center (denoted as α),
tiny rounded electron pocket along the Z-X line originating from the Dirac-cone-like band
crossing (denoted as γ), and larger elliptical electron pocket along the Z-Y line arising from
the band reconstruction (denoted as δ). A schematic figure of the resolved FS pockets in
the folded BZ is illustrated in the inset of Fig. 3(b). Figure 3(d) presents the FS mapping
intensity of Ba(Fe0.96Ru0.04)2As2 with the same measurement geometry as Fig. 3(b). No
discernible change was observed in the anisotropy of FS with Ru doping. We also note that
among the resolved FS pockets in-plane mass anisotropy can only be identified in electron
pocket δ, where the effective mass m∗ along the a axis is larger than along the b axis.
Thus, the mass anisotropy cannot account for the observed resistivity anisotropy that the
resistivity along the a axis is smaller.
Figure 4(a)-(d) shows band dispersions along the Z-X and Z-Y high symmetry lines of
BaFe2As2 and Ba(Fe0.96Ru0.04)2As2. The dyz band around the X point and the dxz band
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around the Y point become inequivalent as marked by red broken lines, manifesting the
broken fourfold rotational symmetry in the electronic structure. The same difference be-
tween the dyz band along the Z-X line and the dxz band along the Z-Y line is seen for
Ba(Fe0.96Ru0.04)2As2. These results evidence that the emergence of the resistivity anisotropy
does not arise from the anisotropic electronic structure caused by orthorhombic lattice dis-
tortion but arises from the extrinsic impurity effect of dopants.
The resistivity anisotropy of the Ru-doped samples persists well above Ts/TN . Fernandes
et al. showed that the anisotropic resistivity could be induced by an anisotropic dressing
of the impurity scattering by spin fluctuations [4]. Alternatively, this might arise from a
broadening of the first-order magneto-structural transition due to the Ru disorder and/or
from the local strain produced by Ru with different ionic radius from that of Fe which
might stabilize local AFO order around it. In order to further clarify the interplay between
impurities and the nematic electronic state above Ts/TN , detailed experimental study of
the FS and the quasiparticle scattering rates in the paramagnetic-tetragonal phase is highly
needed.
IV. CONCLUSION
We investigated the in-plane electronic anisotropy of isovalent-substituted Ru-Ba122 by
transport measurements and ARPES measurements on well-annealed crystals. The in-plane
resistivity anisotropy in the RR component was found to emerge upon Ru substitution.
Similar to that in Co-Ba122, the resistivity along the shorter and FM axis, ρb, has a larger
magnitude than ρa and the magnitude of the anisotropy in the RR component linearly
increases with the Ru content. Moreover, it was found that both the magnitude of the
resistivity and the resistivity anisotropy induced by isovalent Ru atoms is one order of
magnitude smaller than that induced by heterovalent Co substitution, while they are almost
identical to that induced by P atoms which isovalently substitute for the As sites. Our
ARPES measurements on detwinned crystals demonstrated the FS topology in the AFO
phase: Isotropic hole pocket, Dirac-cone-like tiny electron pocket along the Z-X line and
elliptical electron pocket with much larger anisotropy along the Z-Y line. Upon slight Ru
substitution, no discernible change in the anisotropic FS or the dxz/dyz band splitting around
the BZ corner was resolved. Our results demonstrate the extrinsic nature of the resistivity
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anisotropy in the temperature-independent RR component: it originates from the anisotropic
scattering of doped atoms in the AFO phase.
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FIG. 1: (color online) Temperature dependence of the in-plane resistivity of Ba(Fe1−xRux)2As2
crystals with x = 0, 0.04, and 0.08. (a) Resistivity measured on twinned crystals. (b)-(d) ρa and
ρb measured on detwinned crystals.
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FIG. 2: (color online) Residual resistivity (a) and in-plane resistivity anisotropy (ρb−ρa) (b) at 5 K
plotted against the dopant content x for doped BaFe2As2 crystals with three types of substitution:
isovalent Ru for Fe; heterovalent Co for Fe [8]; isovalent P for As [19].
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FIG. 3: (color online) (a) 3D BZ of the bct structure for the PM state (grey) and the folded BZ
for the AFO state (blue). Notation in the PM BZ is used, where Z-X is along the AFM direction
and Z-Y is along the FM direction. The right figure illustrates the crystal axes in the AFO state
after being detwinned by applying uniaxial compressive pressure. (b) FS mapping in the kx − ky
plane of detwinned BaFe2As2 measured at 20 K. All FS mappings in this paper were made within
an integration window of EF ± 10 meV. A schematic figure of the resolved FS is illustrated in the
inset of (b). (c) The same as (b) with the samples rotated in the kx − ky plane by 90
◦. (d) The
same FS mapping as (b) for Ba(Fe0.96Ru0.04)2As2.
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FIG. 4: (color online) (a)-(b) Band structures of detwinned BaFe2As2 crystals along the high
symmetry lines Z-X and Z-Y. Spectral images have been obtained through energy second-
derivatives of the raw images. Red broken lines are drawn as a guide to the eye to illustrate
the anisotropic band dispersions around the X/Y point. (c)-(d) The same spectral images for
detwinned Ba(Fe0.96Ru0.04)2As2 crystals.
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